SUMMARY Changes in left ventricular size may be of importance in the development of angina and in its amelioration by glyceryl trinitrate, but left ventricular dimensions have not been measured during exercise in the upright position, the circumstance in which angina most often occurs. To assess changes in left ventricular end-systolic and end-diastolic dimensions, echocardiograms were obtained from 5 normal subjects and 6 patients with angina during rest and exercise upright, both before and after glyceryl trinitrate. The end-systolic dimension was considered an index of regional performance rather than an estimate of overall left ventricular behaviour. During exercise the end-diastolic dimension rose both in the normal subjects and in the patients. The end-systolic dimension fell progressively with exercise in the normal subjects but changed inconsistently in the patients. Glyceryl trinitrate lowered the end-diastolic dimension during exercise below comparable pretreatment values in both groups; the glyceryl trinitrate-induced decrease in end-diastolic dimension in the patients diminished at higher exercise levels. In all normal subjects and in 4 of the 6 patients with normal systolic shortening (-enddiastolic-end-systolic dimension) glyceryl trinitrate caused relatively small changes in the end-systolic dimension and systolic shortening on exercise. In contrast, in the 2 patients with hypokinetic ventricles glyceryl trinitrate conspicuously decreased the end-systolic dimension and increased systolic shortening.
Much is known about left ventricular dimensions during exercise supine (Sonnenblick et al., 1965; Sharma et al., 1976; Stein et al., 1976; Borer et al., 1978) but far less about the changes which occur when exercise is performed in an upright position. By favouring venous pooling within dependent portions of the body, the upright posture has been shown to cause a substantial reduction in left ventricular cavity dimensions in normal subjects at rest (DeMaria et al., 1974; Redwood et al., 1974) . The extent to which this potential for venous pooling influences left ventricular dimensions during exercise when upright, however, has not been I Dr Goldstein was a John Simon Guggenheim Memorial Fellow Received for publication 22 August 1978 measured. Such postural influence may be particularly important when assessing the action of glyceryl trinitrate (GTN). Increased venous pooling is presumably a major factor causing decrease in left ventricular size when GTN is administered to resting upright subjects (DeMaria et al., 1974; Redwood et al., 1974) and though during exercise upright this mechanism is thought to play a significant part in the antianginal action of GTN, data documenting such an effect are lacking. Accordingly, echocardiographic measurements were made during exercise in the upright position both before and after glyceryl trinitrate in normal subjects and in patients with angina pectoris. Though echocardiographic results are not necessarily representative of dimensional changes in portions of the left ventricle not traversed by the ultrasound beam, particularly when systolic measurements are made in patients with coronary artery disease, data during systole may be useful in assessing changes in regional performance.
Methods

SUBJECTS
Technically satisfactory echocardiograms were obtained during exercise in 5 normal male subjects, aged 23 to 48 years, in whom the history, physical examination, electrocardiogram, and echocardiogram disclosed no evidence of cardiovascular disease. Four other normal subjects were excluded from the study because satisfactory echocardiograms could not be obtained during exercise.
Seven male patients, aged 36 to 61 years, had satisfactory echocardiograms during exercise. These subjects had been selected at random from an outpatient population with symptomatic coronary artery disease. Each had had typical stable angina pectoris for a varying duration (range 6 months to 12 years). Documented myocardial infarction (with persistent Q waves) had occurred several years previously in 2 patients. Electrocardiograms showed nonspecific T wave abnormalities at rest in 1 additional patient and significant ST segment depression during exercise in 2 others. Clinical examination showed no evidence of any other disease. No patient had an arrhythmia or overt congestive cardiac failure. Cardiac catheterisation was not performed in any subject. Four further patients with angina were excluded from the study because of technically unsatisfactory echocardiograms during exercise.
All subjects were fully acquainted with the purpose and procedures of the study and informed consent was obtained from each before participation. (Henry et al., 1973) . Satisfactory echocardiograms could usually be recorded during exercise on our upright bicycle ergometer (Godart) if subjects leaned forward. The operator held the transducer at the junction of the fourth or fifth intercostal space and the left sternal border, adjusting the transducer angle as necessary during exercise to maintain the desired image on a monitoring oscilloscope. In addition, an electrocardiographic lead (CM5) was monitored and systolic blood pressure was measured (using a pneumatic arm cuff) at rest and during exercise.
Normal subjects exercised for 3 minutes at each of 4 escalating work loads (40, 80, 120, and 160 Watts) without pausing. Using a procedure previously established ) the work load for the patients with coronary disease, however, was increased by 20 Watts every 3 minutes, with the initial work load chosen individually so that angina developed in each subject when unprotected by GTN between the 4th and 7th minute of exercise, and this value was identified at practice sessions before the day of study. The work load at the point that angina occurred during the study (no GTN having been given) varied from 60 to 140 Watts, the patients' heart rates then ranging from 108 to 127 beats/min. Exercise was stopped (recordings having been obtained) within 30 seconds of the onset of pain. Unprotected by GTN all patients stopped exercise because of angina; after GTN 3 were halted at higher work loads by fatigue instead. All subjects showed normal rhythm and conduction throughout.
Studies were performed in the postabsorptive state. The 4 patients taking propranolol discontinued this drug at least 24 hours beforehand and no patient had had GTN for at least 12 hours. Each subject exercised first without drugs and then after a placebo sublingually. Finally, all normal subjects and 6 of the 7 patients exercised 3 minutes after sublingual GTN, 0 5 mg. Thirty minutes' rest supine was interposed between each period of exercise. (NB: Previous work showed no change in exercise capacity in patients with angina during a third period of exercise unless such exercise was preceded by sublingual trinitrate administration.) The dose of GTN employed was sufficient to raise the heart rate at least 10 beats/min or lower the systolic blood pressure at least 10 mmHg in each subject when measurements were made at rest upright and it produced a rise in exercise capacity in each of the 6 patients with coronary disease (mean increase in duration of exercise= 3-8 min).
In 2 of the normal subjects, parts ofthe procedure were repeated on a subsequent day to evaluate the reproducibility of the measurements. (±SD) comparing the first and second sets of results were -1 5 mm i 3-2 for the end-diastolic dimension, 09 mm ± 2-4 for the end-systolic dimension, and 0 0 per cent ± 6-0 for percentage shortening. None of these differences is statistically significant. Similarly, the measurements made during exercise after placebo were indistinguishable from those obtained before it. In the 12 subjects studied mean changes,( ± SD) between the first and second periods of exercise were 05 mm ± 1-8 for the end-diastolic dimension, 02 mm ± 2-1 for the end-systolic dimension, and 0*0 per cent + 3-5 for percentage shortening. None of these differences is statistically significant. Equally satisfactory reproducibility was observed in normal subjects and patients alike.
NORMAL SUBJECTS
The end-diastolic dimension decreased (mean 8-6%, P < 0-O5) when the upright posture was assumed ( Fig. 2, left) . The lowest level of exercise, 40 Watts, caused a rise in end-diastolic dimension in all 5 subjects (mean 8-7%, P < 0 01) and this tended to reverse the fall associated with the upright posture. At higher exercise levels no consistent pattern was seen. Heart rates and systolic blood pressures before and during exercise are shown in the Table. There was no correlation with changes in enddiastolic dimension. The end-systolic dimension decreased uniformly (mean 14%, P <0.01) when supine subjects changed to the upright position ( Fig. 2 , centre) and decreased further progressively during the course of exercise. At maximal exercise levels the end-systolic dimension was, on average, 25 per cent below values at rest upright (P < 0 01). Change from the supine to the upright position was associated with a small rise in percentage shortening (3%, P < 0-05) (Fig. 2, right) . In each subject, mean percentage shortening increased progressively with exercise from 41 per cent at rest upright to 59 per cent during maximal exercise (P < 0 01).
The effect of GTN was assessed by examining differences between measurements made after this 
group.bmj.com on June 22, 2017 -Published by http://heart.bmj.com/ Downloaded from drug and those made after placebo (Fig. 3) . GTN reduced the end-diastolic dimension by a mean of 16 per cent (P <005) in normal subjects at rest upright. The decrease in end-diastolic dimension persisted during the lower two levels of exercise (Fig. 3, left) , but diminished at the higher two levels. Thus, the mean decrease was 5 mm or 10 per cent at 40 Watts (P < 0 05), but only 2-4 mm or 5 per cent (NS) at 160 Watts. The end-systolic dimension was consistently reduced after GTN by a mean of 5 mm or 19 per cent (P < 0 02) at 40 Watts, and 1-6 mm or 7 per cent (NS) at 160 Watts (Fig. 3,  centre) . GTN produced no consistent change in percentage shortening (Fig. 3, right) . In no instance did percentage shortening after GTN increase by more than 8 per cent in normal subjects at exercise levels above 40 Watts.
Heart rates and systolic blood pressures during exercise after GTN are given in the Table. PATIENTS WITH ANGINA
Patients showed a wider range of left ventricular dimensions than normal subjects; some had an abnormally large end-diastolic dimension (Fig. 4 , left) and end-systolic dimension (Fig. 4, middle) when at rest supine. The end-diastolic dimension behaved much as it did in normal subjects: the decrease on the assumption of the upright position (mean 10%, P <0-01) was almost always reversed completely at the lower level of exercise. A small but consistent additional increase in the end-diastolic dimension (mean 1-6mm or 3-1.%, P<0-05) was noted at the higher level of exercise which produced angina. Unlike the normal subjects, the patients did not show a uniform fall in end-systolic dimension and rise in percentage shortening during exercise. On the contrary, end-systolic dimension remained unchanged or increased in 3 of 6 patients and percentage shortening remained virtually unchanged (± 1%) or decreased during the higher exercise level in 5 of 6 patients. In a seventh patient end-systolic dimension could not be measured during the lower exercise level. Percentage shortening remained below 25 per cent throughout the course of exercise in 3 patients (Fig. 4, right) . These individuals were considered to have distinctly hypokinetic segments within the region assessed by echocardiography. Percentage shortening actually decreased below resting values in 2 of these 3 patients; poor septal contraction was responsible in 1 and poor free wall contraction in the other 2.
The effect of GTN was assessed by examining the differences between measurements made after this drug and those made after placebo. When after Fig. 4 At rest upright the end-diastolic dimension was uniformly decreased (mean 10%, P < 0-01) after GTN (Fig. 5, left) . Those 2 patients able to exercise longest after GTN showed persistent substantial ( > 5 mm) GTN-induced decrement in end-diastolic dimension during most of their exercise. In 3 other patients, however, the GTN-induced decrease in end-diastolic dimension seen at upright rest dwindled to <2 mm (4%) or disappeared entirely during the first or second exercise level. In a fourth patient with no rest measurement, GTN-induced decrease in end-diastolic dimension remained small (<2 mm) throughout the course of exercise. Thus, the beneficial effects of GTN were sometimes, not always, accompanied by a substantial decrease in the end-diastolic dimension during exercise. There was no difference in heart rate or systolic pressure distinguishing individuals with substantial GTNinduced decrements in end-diastolic dimension at higher levels of exercise from others who did not show this.
GTN-induced changes in end-systolic dimension and percentage shortening (Fig. 5, middle and right) were even less uniform. In the 4 patients with relatively good systolic function on the echocardiogram, GTN effects were minor and inconsistent, but in 2 of the 3 in whom the ultrasound beam showed severe hypokinesia GTN caused a pronounced, sustained decrease in the end-systolic dimension (maximum 12 and 17 mm) and a very large increase in percentage shortening (maximum 19 and 30%). The third patient with hypokinesia was not studied after GTN. Thus, GTN improved systolic function during exercise in hypokinetic regions of the left ventricle but had no consistent effect on the ventricles of normal subjects, or on those of patients in whom myocardial contraction on echocardiography had been shown to be relatively normal beforehand.
Heart rates and systolic blood pressures in this group are also given in the Table.
Discussion
Our findings indicate that satisfactorily reproducible values for the echocardiographic left ventricular end-diastolic and end-systolic dimensions can be obtained during bicycle exercise in the upright position. In the homogeneously contracting hearts of normal subjects it is likely that changes in left ventricular cavity dimensions along the single axis defined by the ultrasound beam are qualitatively (if not quantitatively) similar to changes occurring elsewhere within the left ventricle. Such similarity is unlikely in the less homogeneous contraction often seen in the ventricles of patients with coronary disease, particularly during systole, but even in this group changes in left ventricular cavity dimensions may be valuable in assessing local responses to physiological or pharmacological influences.
LEFT VENTRICULAR DIMENSIONS IN NORMAL SUBJECTS
Left ventricular end-diastolic and end-systolic dimensions decreased, and percentage shortening rose slightly when the supine normal subjects assumed the upright position (Fig. 2) , findings that are in agreement with a previous study on the effect of postural change on echocardiographic dimensions (Redwood et al., 1974) . Reversal of the decrease in the end-diastolic dimension occurred at the lowest level of exercise, probably because of mobilisation of blood pooled in dependent portions of the body by the pumping action of exercising muscles and increased respiration, and by increased sympathetic venoconstrictor activity (Bevegdrd and Shepherd, 1965, Freyschuss, 1970) , but little further change was noted in most subjects during much more strenuous effort. Stein et al. (1976) reported similar findings in supine subjects. Thus, under ordinary physiological conditions the left ventricular end-diastolic dimension does not appear to increase beyond the value observed at rest when supine. However, progressively more strenuous exercise in the upright position produced correspondingly progressive decreases in the end-systolic dimension and rises in percentage shortening. These data are consistent with evidence from radionuclide cineangiography that the ejection fraction rises progressively in supine normal subjects when they perform increasingly strenuous exercise (Borer et al., 1977) . Though caution must be used in accepting our data as representative of dimensional changes occurring throughout the left ventricle, they suggest that when upright normal subjects perform exercise, the concomitant rise in left ventricular output is produced primarily by increases in heart rate and in systolic emptying with little change in left ventricular end-diastolic volume.
GTN decreased the end-diastolic and endsystolic dimensions below corresponding placebo values at rest when upright (Fig. 3) , reflecting, in part, the tendency of this drug to exaggerate venous pooling in the upright position. The size of these changes caused by GTN in our seated subjects corresponds more closely to those seen in subjects at 300 head-up tilt (DeMaria et al., 1974; Redwood et al., 1974) than to those in supine subjects Burggraf and Parker, 1974; DeMaria et al., 1974) . GTN-induced decreases in left ventricular dimensions diminished substantially during exercise, however, particularly during the higher workloads. It is unlikely that this effect is attributable to diminishing activity of the drug since it is pharmacologically active for at least 15 minutes after sublingual administration . More probably, mechanisms reducing venous pooling during exercise in the upright position in the absence of drugs reduce the tendency to venous pooling initiated by GTN. Regardless of the exact mechanisms involved, our data indicate that the GTN-induced decrease in the left ventricular enddiastolic dimension observed at rest Burggraf and Parker, 1974; DeMaria et al., 1974; Redwood et al., 1974 ) cannot be assumed to remain unaltered during exercise upright.
LEFT VENTRICULAR DIMENSIONS IN ANGINAL PATIENTS
Unlike the normal subjects, the patients with angina, as a group, showed a diversity in left ventricular dimensions at rest that probably reflected differences in the degree of disordered contraction of the region of myocardium traversed by ultrasound beam as well as differences in overall left ventricular performance (Fig. 4) . Nevertheless, the pattern of response of the end-diastolic dimension in them was very similar to that of the normal subjects, a mean 9 per cent reduction in the end-diastolic dimension upon assuming the upright position being reversed at the lower level of exercise. The end-diastolic dimension again increased slightly at the higher level of exercise and, notably, at this point, just after the onset of angina, differed very little from the value during exercise before angina. In our study (all ambulatory patients) the production of angina by exercise in the upright position was never accompanied by a large abrupt expansion of left ventricular end-diastolic size. The effects of ischaemia were more clearly evident in the absence in nearly all of them of the normal decrease in the end-systolic dimension and rise in percentage shortening. This is consistent with the failure of the ejection fraction, measured by radionuclide cineangiography, to rise normally in patients with coronary disease performing exercise supine (Borer et al., 1977) .
GTN, in doses producing a lowered blood pressure or an increased heart rate and a raised exercise capacity in every patient, caused changes in the end-diastolic dimension (Fig. 5, left) closely resembling those noted in the normal subjects. Thus, at rest in the upright position the enddiastolic dimension was substantially decreased relative to resting values after placebo. As in normal subjects, the decrease was less at higher exercise levels; the majority of patients showed very little decrease in end-diastolic dimension while exercising at intensities in excess of those necessary to produce angina in the absence of GTN. One such individual (Fig. 6) showed that a substantial increase in exercise capacity could occur with virtually no GTNinduced reduction in the simultaneously measured end-diastolic dimension. Thus, though certain patients during exercise after GTN have such a decrease, this is not invariable even when angina is prevented.
In most of the patients GTN had the same small and inconsistent effect on the end-systolic dimension and on percentage shortening as it had in the normal subjects. In two, both with relatively severe hypokinesia present on echocardiograms before GTN, however, the drug produced a large decrease in the Effects of GTN on echo dimensions during exercase end-systolic dimension and increase in percentage shortening during exercise. This finding must be regarded as inconclusive because of the small number but is consistent with the GTN-induced improvement in systolic function in hypokinetic segments recently shown by radionuclide cineangiography during exercise supine (Borer et al., 1978) , and with earlier similar observations made at supine rest by contrast angiography (Helfant et al., 1974; Sniderman et al., 1974; McAnulty et al., 1975) . The mechanism may be the alleviation of regional myocardial ischaemia resulting from a reduction in myocardial oxygen consumption, or an increase in coronary collateral flow to potentially ischaemic areas or, lastly, a reduction in left ventricular afterload having a disproportionately beneficial action on myocardium weakened by ischaemia (Theroux et al., 1976) . Indeed, all three occur. It is worthy of note that improvement in systolic function was not always associated with a substantial reduction in the simultaneously measured end-diastolic dimension (Fig. 5, left (Burton, 1962) , GTN could reduce left ventricular wall stress through the Laplace relation. Reduced wall stress during the first third of systole would lower myocardial oxygen consumption (Monroe, 1964) (Ratshin et al., 1974) .
Our results favour the hypothesis postulating GTN-induced reduction in wall stress during exercise in the upright position in that the left ventricular end-diastolic dimension decreased to some degree in all 6 patients and substantially (over 10%) for long periods in 2 of them.
In the other 4 patients, however, the observed decreases were very small (under 4%). One patient (Fig. 6 ) had no measurable decrease during the time when, protected by GTN, he was not only free of angina but also exercising at a greater intensity than his previous maximum. It is possible that a very small decrease in left ventricular wall stress may lead to a disproportionately large fall in myocardial oxygen consumption but there is no experimental verification for this. Our data do not suggest that a decrease in left ventricular cavity size during early systole is an important mechanism by which GTN prevents or forestalls angina during exercise upright.
Although GTN-induced reductions in the enddiastolic dimension during exercise were small, associated decreases in left ventricular diastolic pressure during exercise may have been substantial (Parker et al., 1966) . By decompressing collateral vessels and the capillaries within potentially ischaemic tissue, such decreases can significantly augment coronary collateral blood flow (Kjekshus, 1973) . This influence, and the oxygen-sparing effect of a reduction in left ventricular systolic pressure, may be the most important benefits conferred by GTN, but our results suggest that, in certain patients, relief of localised systolic hypokinesia may also have a role. In addition to improving left ventricular systolic function, relief of hypokinesia might, in itself, exert a favourable influence by reducing local systolic wall stress, thereby reducing myocardial oxygen consumption specifically within potentially ischaemic portions of the left ventricle. 
